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Abstract 32 
The evolution of the Asian Summer Monsoon (ASM) in a global warming 33 
environment is a serious scientific and socio-economic concern since many recent studies 34 
have demonstrated the weakening nature of large-scale tropical circulation under 35 
anthropogenic forcing. But, how such processes affect the ASM circulation and rainfall is 36 
still a matter of debate. 37 
This study examines the climate model projections from a selected set of Coupled 38 
Model Inter-comparison Project 5 (CMIP5) models to provide a unified perspective on the 39 
future ASM response. The results indicate a robust reduction in the large-scale Meridional 40 
Gradient of Temperature (MGT) at upper levels (200 hPa) over the ASM region, associated 41 
with enhanced ascendance and deep tropospheric heating over the equatorial Pacific in the 42 
future climate. The differential heating in the upper troposphere, with concomitant increase 43 
(decrease) in atmospheric stability (MGT), weakens the ASM circulation, promotes a 44 
northward shift of the monsoon circulation and a widening of the local Hadley cell in the 45 
eastern Indian sector. An examination of the water vapour budget indicates the competing 46 
effects of the thermodynamic (moisture convergence) and dynamics processes (monsoon 47 
circulation) on future ASM rainfall changes. The former component wins out over the later 48 
one and leads to the intensification of Indian monsoon rainfall in the CMIP5 projections. 49 
However, the diagnostics further show a considerable offset due to the dynamic component.  50 
 51 
Key words: Asian Summer Monsoon, meridional gradient in deep tropospheric heating, 52 
atmospheric stability, thermodynamic and dynamic components   53 
1. Introduction 54 
1.1 Background 55 
 The Asian Summer Monsoon (ASM) is one of the major components of the global 56 
climate system and provides fresh water resources for the most densely populated countries 57 
in the world such as India. The ASM constitutes the major portion of the annual mean 58 
precipitation over the Indian subcontinent. Given its profound socioeconomic importance, a 59 
key problem lies in determining the response of regional monsoon hydrological cycle to 60 
global climate change.  61 
However, solving this issue is a big challenge for the current climate models, as there 62 
are still a lot of uncertainties and spread affecting the ASM circulation and precipitation in 63 
both historical simulations and future climate projections undertaken in the framework of the 64 
United Nations Intergovernmental Panel on Climate Change (IPCC; AR4 report Sections 65 
10.3.5.2). Several climate modelling studies suggest that greenhouse warming is likely to 66 
intensify the monsoon precipitation over the ASM domain (Meehl and Washington 1993; 67 
Bhaskaran et al. 1995; Douville et al. 2000; May 2002, 2004, 2010; Turner et al. 2007; 68 
Turner and Annamalai 2012). However, many other studies shared a contrary opinion, 69 
highlighting a significant weakening of the large-scale monsoon circulation which may offset 70 
the increase in precipitation (Ashfaq et al. 2009; Krishnan et al. 2013). This paradox is often 71 
referred in the literature as the “wind-precipitation paradox” (Kitoh et al. 1997; Stephenson et 72 
al. 2001; Gastineau et al. 2008; Stowasser et al. 2009; Cherchi et al. 2010; Ueda et al. 2006; 73 
Ogata et al. 2014;  Krishnan et al. 2013). Some studies also indicated that the precipitation 74 
response may not be directly associated with the circulation changes in the climate 75 
projections since changes in atmospheric moisture and moisture transport play a vital role in 76 
the future ASM rainfall abundance (Kitoh et al. 1997, 2013; Douville et al. 2000, 2002; 77 
Ashrit et al. 2005; Meehl and Arblaster 2003; May 2002; Hsu et al. 2012). 78 
The projected global surface warming scenario is rather more rapid over the land than 79 
the ocean, leading to a greater continental-scale land-sea thermal contrast (IPCC; AR4 report 80 
Sections 10.3.5.2; see section 3.2). So a simple notion arising from the classical land-sea 81 
contrast mechanism of monsoon (Fu and Fletcher 1985; Webster et al. 1998) is that the ASM 82 
circulation will be relatively stronger in the future climate projections. However, the 83 
evidences so far seen from climate simulations are not so obvious (Ma and Yu 2014; 84 
Krishnan et al. 2013). In this context, it is important to note that apart from the classical 85 
definition involving near-surface temperature (Fu and Fletcher 1985), more recent studies 86 
have highlighted the dominant role played by the mid-upper (200-500 hPa) tropospheric 87 
thermal contrast in driving the monsoon (Dai et al. 2013). Some of the previous studies also 88 
shared similar viewpoints on the influence of tropospheric thermal contrast on ASM 89 
variations (Li and Yanai 1996; Yanai and Li 1994; Ueda et al. 2006; Holton 2004; He et al. 90 
2003; Xavier et al. 2007). Their fundamental argument is that the establishment and 91 
maintenance of the monsoon circulation are closely related to the evolution of the upper 92 
tropospheric temperature field trough the thermal wind relation (Dai et al. 2013). Further, the 93 
meridional gradient in upper tropospheric temperature (MGT) is proportional to the 94 
meridional gradient of deep tropospheric heating, and could cause acceleration of deep 95 
tropospheric monsoon circulation. According to Xavier et al. (2007), the change in sign of 96 
MGT signals the setting up of the off-equatorial large-scale deep heat source and the 97 
associated Gill-type atmospheric response leads to the strengthening of cross-equatorial and 98 
low-level monsoon flow (Gill 1980). In contrast, the classical land-sea contrast mechanism of 99 
monsoon involving surface temperature could only produce a shallow circulation. Bayr and 100 
Dommenget (2013) have provided an updated global view on this land-sea contrast and 101 
according to them the land-sea contrast is more precisely described through the temperature 102 
gradient of the whole troposphere rather than from the surface. 103 
1.2 Present study  104 
Most of the aforementioned studies assessed the future ASM changes through the use 105 
of either one specific model or a simple ensemble mean from many climate models and thus 106 
are subjected to uncertainties due to various interpretations (based on the choice of model 107 
data sets) or to wide variations among the selected model projections (Kripalani et al. 2007; 108 
Annamalai et al. 2007; Turner and Slingo 2009; Krishna Kumar et al. 2010; Fan et al. 2010; 109 
Seo and Ok 2013). Thus, assessment of future ASM changes has remained ambiguous so far. 110 
Furthermore, future changes predicted from climate models highly rely on the simulations of 111 
the present-day climate, which have many deficiencies (e.g., Allen and Ingram 2002; Knutti 112 
and Sedlacek 2013). Therefore for an improved future change assessment, a prerequisite is a 113 
thorough evaluation of the simulated present-day climate as well as an improved selection of 114 
climate models that brings out the ASM to a better realism. The present study intends to do 115 
this by focusing on the credence and significance of future monsoon projections. 116 
Recently, numerous climate modelling groups took part in a coordinated climate 117 
model experiments, comprising the fifth phase of the Coupled Model Inter-comparison 118 
Project (CMIP5). Under this project, a series of experiments were performed: the 20
th
century 119 
historical runs and 21
st
 century climate projections with four different representative 120 
concentration pathway scenarios (Taylor et al. 2012). Initial analysis of these experiments has 121 
shown that the CMIP5 models are comparatively better than the CMIP3 in simulating Asian-122 
Australian monsoon system, especially its seasonal cycle (Li et al. 2012; Sperber et al. 2013; 123 
Jourdain et al. 2013). Lee and Wang (2012) further observed that CMIP5 ensemble mean 124 
better simulates the global monsoon intensity and area than the corresponding CMIP3 125 
ensemble average. Additionally, some recent studies showed a slight improved representation 126 
of El Niño Southern Oscillation (ENSO) in CMIP5 models (e.g., Bellenger et al. 2013). Since 127 
ENSO is one of the most important forcing for the ASM, this may imply a better 128 
representation of ENSO-monsoon relationship in CMIP5 models. In this regard, Jourdain et 129 
al. (2013) recently pointed that about 11 CMIP5 models have relatively good skill in 130 
simulating the ENSO-monsoon relationship. Finally, CMIP5 models have improved response 131 
to natural forcing and aerosols than CMIP3 coupled models (Yeh et al. 2012; Lee and Wang 132 
2012). 133 
A comprehensive study focusing specifically on future changes of the ASM in CMIP5 134 
models is still missing to the best of our knowledge. The objective of this study is thus to 135 
investigate the impacts of climate change on ASM using CMIP5 coupled models that 136 
participated in the 5
th
 Assessment Report (AR5) of the IPCC (2001, 2007). The 137 
improvements in CMIP5 against CMIP3, as mentioned above, may bring more robustness 138 
and confidence in ASM projections. We restrict mainly our attention to a subset of CMIP5 139 
models that have a better representation of the present-day mean and variability of ASM 140 
precipitation. The critical factors associated with the ASM system in the future projections 141 
are then carefully examined viz., rainfall, circulation, monsoon seasonality, MGT and water 142 
vapour budget. In particular, we focus on the linkage between MTG and ASM  circulation (as 143 
described in section 1.1) in the future climate. We also seek to establish the relative 144 
contributions of thermodynamic and dynamic components to the governing water vapour 145 
balance over ASM region, in order to provide a better physical understanding of the 146 
processes governing the projected ASM rainfall changes. 147 
The paper is organized as follows. Section 2 presents a brief description of the 148 
models, data and methodologies. Section 3 provides an analysis of the present-day monsoon 149 
climate and its response in climate change experiments. Section 4 examines the mechanisms 150 
responsible for the weakened monsoon circulation in future climate. Section 5 explains the 151 
possible mechanism for the enhanced ASM rainfall, followed by discussion and summary in 152 
section 6. 153 
2. Data and Methodology 154 
2.1 Datasets 155 
We use the historical and Representative Concentration Pathway (RCP) 4.5 climate 156 
experiments from 19 coupled general circulation models (CGCM) contributing to CMIP5 157 
(Taylor et al. 2012; http://pcmdi9.llnl.gov). The models and their descriptions are provided in 158 
Table 1. The historical experiments (i.e. the 20
th
 century) are forced by observed changes in 159 
natural and anthropogenic sources, which also include time-varying land-cover. The RCP4.5 160 
experiments are driven by emission scenarios assuming that the net radiative forcing will 161 
increase to about 4.5 Wm
-2 
by the end of 21
st 
century and stabilize thereafter. This is 162 
considered as a “central” scenario in CMIP5 (Taylor et al. 2012). 163 
The 20-year mean during 1980-1999 in historical simulations defines the present-day 164 
climatology, the mean during 2080-2099 in RCP 4.5 defines the future climatology, and their 165 
difference represents the future change under global warming. Note that each model dataset 166 
differs in horizontal grids; therefore, for ease of comparison, the datasets corresponding to all 167 
simulations (historical as well as RCP 4.5 runs) are re-gridded into a 2.5°×2.5° horizontal 168 
grid using a first-order remapping procedure implemented in the Climate Data Operators 169 
(https://code.zmaw.de/projects/cdo) and are then compared against the observed and 170 
reanalysis products. It should be further noted that all the diagnostics are performed only for 171 
the boreal summer season (June to September, JJAS).  Our diagnostics made use of several 172 
monthly variables, including surface temperature, rainfall, atmospheric circulation and 173 
radiative fluxes (longwave and shortwave fluxes at the surface and top of the atmosphere).  174 
We use the NCEP/NCAR reanalysis products (Kalnay et al. 1996), which have a 175 
horizontal resolution of 2.5° longitudes and 2.5° latitudes, to depict the atmospheric 176 
circulation and temperature characteristics. The observed monthly precipitation datasets are 177 
from the Global Precipitation Climatology Project (GPCP version 2.1, Huffman et al. 2009). 178 
The period of analysis is from 1980 to 1999.  179 
2.2 Selection of good models  180 
Following the prelude, a detailed evaluation of the model’s ability to capture the 181 
present-day climate and the subsequent model selection is attempted here. The performance 182 
of 19 CMIP5 CGCMs for the present-day climate is assessed through the use of two Taylor 183 
diagrams (Taylor 2001), based on the fidelity in simulating JJAS rainfall climatology and 184 
variability over a broad ASM region (30°E-120°E and 30°S-30°N). The choice of this large 185 
domain follows the observational evidence that ASM consists of multiple local rainfall 186 
maxima centred over the Bay of Bengal region, the tropical western Pacific and the eastern 187 
equatorial Indian Ocean, and a realistic representation of these rainfall centers is vital for 188 
assessing the Indian summer monsoon variability (Annamalai and Liu 2005; Annamalai et al. 189 
2007). 190 
The Taylor diagrams succinctly describe the coherence between models and 191 
observations in terms of their spatial pattern correlation, their root-mean-square (RMS) 192 
difference, and the ratio of their standard deviations (Taylor 2001; Joseph et al. 2010). In 193 
Figure 1, the radial distances from the origin are proportional to the standard deviation of the 194 
model field, normalized by the observed standard deviation. This radial distance is unity, 195 
when the model and observed standard deviations coincide with each other. The distance 196 
from the reference point (denoted by REF in Fig.1) to the plotted point measures the RMS 197 
difference and closeness of the plotted point to REF suggests less RMS difference. The 198 
pattern correlation (between the model and observation) is the cosine of the azimuthal angle 199 
made with the abscissa in Fig.1. If it is unity, then the point will lie along the horizontal axis.  200 
It is clear from the figures that there is significant inter-model spread in capturing the 201 
observed climate statistics, particularly for the interannual variability (see Fig. 1b). Taking 202 
note of this large spread and the related uncertainty in future monsoon projections, an optimal 203 
selection of reliable (or one can say "optimally the good") models among 19 CGCMs is 204 
derived based on the following criteria: (i) the pattern correlation in the climatological mean 205 
field (Fig. 1a) is above 0.65, (ii) the pattern correlation in the inter-annual standard deviation 206 
field (Fig. 1b) is above 0.6, and (iii) spatial inter-annual standard deviation ratio (the spatial 207 
standard deviation normalized by the observed spatial standard deviation) is within 1.0 ± 0.2. 208 
Similar criteria are used by Seo and Ok (2013) for selecting the best CMIP3 models in their 209 
recent study on East Asian Monsoon future projections. Only the models satisfying all three 210 
criteria are used for the full assessment of the ASM future projections. The duly selected 7 211 
models are highlighted in Table 1. For brevity, these seven models are referred to as the 212 
"good" in the subsequent text and their multi-model simple ensemble mean is called hereafter 213 
as “ensemble mean” or “ENS”. Note here that 3 out of the seven selected models (GFDL-214 
ESM-2G, IPSL-CM5A-LR and NorESM1-M) are Earth System Models (ESM). In ESMs, 215 
CGCMs are coupled to biogeochemical components so as to account for the carbon surface 216 
fluxes between the ocean, atmosphere and terrestrial biosphere carbon reservoirs (Taylor et 217 
al. 2012). Note further that we performed similar Taylor diagnostics using CMIP3 models 218 
and these selected good models showed better performance in capturing the observed ASM 219 
climate statistics compared to their counterparts in CMIP3 models (figure not shown). This 220 
again confirms the recent studies that showed improved representation of ASM in CMIP5 221 
models (e.g., Sperber et al. 2013). 222 
Finally, we will also verify some of our results using all the available models in order 223 
to test the robustness of monsoon projections and thus to strengthen our conclusions. We 224 
demonstrate this using fifteen CMIP5 models (from the 19 models listed in Table 1), for 225 
which the necessary wind circulation and temperature fields for both historical and RCP 4.5 226 
simulations were available at the time of our analysis. The excluded models are CSIRO-227 
Mk3.6.0, GISS-E2-H, HadGEM2-CC and INM-CM4. The extended ensemble mean 228 
calculated from those 15 models will be referred as “extended ensemble mean” or simply 229 
“ENS15 average” in the following sections. Consideration of the ENS15 averages will 230 
demonstrate that our results are not very sensitive to our selection procedure and are robust 231 
even using a grand ensemble mean of 15 CMIP5 models. 232 
3. Monsoon climate 233 
3.1 Present-day  234 
As described in the preceding section, there are 7 good models that are optimally 235 
considered to perform better out of 19 CGCMs. Figure 2 shows the JJAS mean precipitation 236 
and 850 hPa winds computed from observations and the ensemble mean (using these 7 good 237 
models, see section 2.2) derived from the historical simulations. The precipitation maxima 238 
along the west coast of Peninsular India, southern equatorial eastern Indian Ocean, over 239 
eastern India, Bangladesh and Bay of Bengal are well simulated by the ensemble mean (Figs. 240 
2a,b). Also, some of the large-scale circulation features such as the band of easterly winds 241 
south of the equator, the low-level Somali jet and the strong westerlies across Arabian Sea 242 
and southern India are realistically simulated (Figs. 2d,e). The surface skin temperature 243 
distribution (Fig. 3a) shows distinct maxima (greater than 30°C) over the land mass in 244 
Northern Africa, the Middle east, India, Pakistan, Afghanistan as well as over the Indian 245 
Ocean, Bay of Bengal and tropical west Pacific. The ensemble mean reproduces the basic 246 
seasonal pattern of surface temperature contrast where the land is significantly warmer than 247 
the ocean in the Indian domain. Further, the pattern and strength of the sea level pressure 248 
(SLP) field are captured reasonably well (Figs. 3c,d). The magnitude of the negative SLP 249 
gradient from the southern Indian Ocean subtropical anticyclonic high towards the monsoon 250 
trough is approximately around 16 hPa (Fig. 3c). Furthermore, the strength and spatial pattern 251 
of the Hadley circulation, and the upper-level easterly jet stream are also well simulated 252 
(figures not shown).   253 
There are systematic errors, however, found in these good models; especially these 254 
models have inherent difficulties in capturing the finer regional precipitation details (Fig. 2c). 255 
The precipitation over the central Indian landmass is underestimated and the ensemble mean 256 
further shows that it is comparable or even smaller than that over eastern Indian Ocean. The 257 
precipitation over western Indian Ocean, on the other hand, is amplified and may be partly 258 
associated with warm sea surface temperature (SST) biases in the models (Fig. 3b; Bollasina 259 
and Ming 2013; Prodhomme et al. 2014a). Further, the observations indicate heavy 260 
precipitations along the west coast of the Indian peninsula (concentrated over the Western 261 
Ghats barrier) and a rain shadow region over the south-eastern parts on its leeside (Fig. 2b). 262 
Although the ensemble mean attempts to capture this detail, it fails to reproduce the observed 263 
magnitudes (Fig. 2c). This point towards the coarse resolution of selected CMIP5 models 264 
(with a grid size greater than 100 km in most of the cases), thus posing a major challenge in 265 
adequately resolving the fine ASM precipitation features (Krishnan et al. 2013). 266 
As far as the rainfall seasonal cycle over Indian monsoon region (10°-25°N, 60°-267 
100°E) is concerned, all good models depict the transition from May to June, however there 268 
are large inter-model spread in the timing of the rainy season with a conspicuous delay in 269 
monsoon onset relative to observations (Fig. 2g). Furthermore, the intensity of the simulated 270 
monthly precipitation during July-August (observed rainfall peaks in this season) is 271 
systematically weaker in most of the selected models (see Table 1 for model details). In 272 
addition, there is a significant spread even within the good models in depicting the seasonal 273 
cycle of precipitation. Earlier, Annamalai et al. (2007) have noted similar inter-model spread 274 
in CMIP3 models in simulating the seasonal cycle. Recently, Sperber et al. (2013) also 275 
observed systematic errors that are consistent between CMIP3 and CMIP5 models; however 276 
the amplitude of the error is smaller in CMIP5 compared to CMIP3. 277 
Apart from these rainfall biases, the low level winds are underestimated 278 
(overestimated) over northern (southern) part of the Arabian Sea (see Fig. 2f). This too weak 279 
monsoon circulation over the north Indian Ocean in the models is consistent with rainfall 280 
errors discussed above. Surprisingly, SLP shows (Fig. 3d) underestimation especially over 281 
the Indian subcontinent, with a lowering of surface pressure, in spite of the dry bias and the 282 
southward shift of the ASM circulation noted above (Figs. 2c,f). The surface temperature 283 
shows warm bias over the tropical areas, especially over the Indian subcontinent and in the 284 
ocean upwelling regions (see Fig. 3b) and a cold bias over extratropical Pacific and Atlantic 285 
Oceans. The in-situ SLP anomalies over the Indian landmass may probably due to the 286 
increase of surface temperature over there. 287 
3.2 Future response 288 
 Figure 4a shows the ensemble mean patterns of temperature and SLP changes in the 289 
future. These patterns are obtained from the difference between the 2080-2099 period in 290 
RCP 4.5 and the 1980-1999 historical period (see section 2.1). In the rest of the manuscript, 291 
we alternatively use the term anomaly to refer to this difference. While surface temperature 292 
increase is ubiquitous, an enhanced land-sea temperature contrast (surface temperature over 293 
the land larger than over the ocean) is projected into the future, consistent with earlier results 294 
(e.g., Sutton et al. 2007; Annamalai et al. 2007). The surface thermal contrast between the 295 
Eurasian continent and tropical Indian Ocean significantly increases in the future climate by 296 
about 2°-3°C. Global warming also produces an “El Niño-like” pattern in the equatorial 297 
Pacific (e.g., Knutson and Manabe 1994; Annamalai et al. 2007) and a warming as large as 298 
1.5°C in the tropical Indian Ocean, while maximum warming of about 2.5°C is simulated in 299 
the extra-tropical north Pacific Ocean. All the aforementioned features are observed 300 
consistently across the selected models and in most of the available 15 CMIP5 models 301 
(figure not shown). As an example, we tabulated the relative changes in surface temperature 302 
over the northern ASM region (50°-100°E and Equator-30°N); all models show pronounced 303 
warming of similar magnitude (see Table 2b). 304 
The anomaly patterns of ASM rainfall and circulation for both the ENS and ENS15 305 
ensemble averages are shown in Figure 5. There is an overall robust increase in rainfall over 306 
most parts of the Indian subcontinent (Figs. 5a and e). This pattern of enhanced rainfall, 307 
exceeding the 90% level of statistical significance, extends from the central Arabian Sea to 308 
the whole Bay of Bengal region. Rainfall maxima are found over the north-eastern part of the 309 
Indian subcontinent. Also noticeable is the pattern of increased rainfall over the western 310 
north Pacific, equatorial Pacific and south-eastern China. For more clarity, we tabulated the 311 
relative change in rainfall over northern ASM region for individual models (see Pave 312 
estimates in Table 2b). All selected models capture the rainfall intensification with a relative 313 
increase of, approximately, 9% in the ensemble mean.  314 
The future response in low-level winds indicates pronounced easterly anomalies 315 
(Figs. 5b and f) extending up to 10°N over south Arabian Sea and the southern part of Indian 316 
subcontinent, pointing to a weakening of the large-scale summer monsoon flow in the future 317 
climate (Kitoh et al. 1997; Ashrit et al. 2005). As for the individual models, the relative 318 
change in low-level zonal wind over the south Arabian Sea domain (Equator-10°N and 60°-319 
100°E) ranges from -5 to -15%, with a 10% decrease in the ensemble mean (see Table 2b). 320 
The prominent westerly anomalies over north Arabian Sea further manifest a concomitant 321 
northward shift in monsoon circulation (Menon et al. 2013), but this feature is less 322 
significant in the ENS15 average (Fig. 5f). It should be noted that the easterlies or south-323 
easterlies south of the equator are also weakening, especially for the ENS15 average, which 324 
substantiates the weakening nature of the large-scale low-level circulation in future climate 325 
projections. Consistent with these circulation anomalies, there is a large SLP increase (of 326 
about 0.6 hPa; Figs. 4b and c) over the Indian land mass while positive SLP anomalies are 327 
weaker and more uniform across the entire Indian Ocean rim, thereby inflicting a decrease in 328 
large-scale interhemispheric meridional SLP gradient around the equatorial Indian Ocean. 329 
Intriguingly, there is a concomitant decrease in SLP over northern Eurasian landmass, 330 
coinciding with the large increase of surface temperature over there (see Fig. 4a), and 331 
pointing again to a northward shift of the monsoon circulation and a possible widening of 332 
monsoon regional Hadley cell (Seidel and Randel 2007; Siedel et al. 2008). The weakening 333 
signature is further evident in the upper-tropospheric tropical easterly jet with anomalous 334 
westerlies between the equator and 20°N in the Indian region (see Fig. 5c). Future changes in 335 
vertical zonal wind shear (defined as difference in zonal wind at 200 hPa and 850 hPa levels) 336 
are also indicative of a declining easterly vertical shear over ASM region. This is consistent 337 
in all the selected models, as well as ENS15 average; highlighting again the significant 338 
weakening of the ASM circulation as measured, for example, from the classical Webster and 339 
Yang dynamical index (Figs. 5d and 6a; Webster et al. 1998). Vecchi and Soden (2007), 340 
using CMIP3 models, argued that the zonally asymmetric circulation weakens more than the 341 
symmetric one. Figures 5d and 6a confirm without ambiguity that the reduction in zonal 342 
circulation is valid for the ASM region as well, with all models showing large consensus. 343 
However, our subsequent diagnostics (as discussed next) also reveal both a weakening and a 344 
widening of the monsoon overturning circulation. 345 
The future response in large-scale monsoon overturning circulation to global warming 346 
is examined using the strength of the Monsoon Hadley Circulation (MHC). The average 347 
meridional wind in ms
-1 
at 850 hPa over the region 40°-55°E, 10°S-10°N is taken as a 348 
measure for the lower limb of the MHC (V850). The upper limb of the MHC (V200) is taken as 349 
the average meridional wind at 200 hPa over the region encompassing 45°-75°E, 20°S-5°S, 350 
and V850-V200 indicates the strength of the MHC (see Joseph et al. 2003). Here the MHC is 351 
defined by considering the observed significant out of phase relationship between the upper 352 
and lower tropospheric meridional winds (Wang and Fan 1999). The relative future change 353 
of the MHC is shown in Table 2b. Almost all the selected models (exception is GISS-E2-R, 354 
see Table 1 for model descriptions) indicate a weakening of the interhemispheric Hadley 355 
circulation, albeit with a large inter-model spread. Such a possible weakening of the Indian 356 
Hadley cell in the context of global warming was also reported in Ashfaq et al. (2009) and 357 
Krishnan et al. (2013). 358 
We also analyzed latitude-pressure and longitude-pressure sections of vertical 359 
pressure velocity at 500 hPa for a better diagnosis of the evolution of the zonal and 360 
meridional circulations in the RCP 4.5 scenario (Figs. 6b and c). Most of the models (e.g. the 361 
selected models as well as the ENS15 average) indicate a weaker ascending motion over the 362 
southeast Indian Ocean, while no significant changes are found between 5° and 20°N. Most 363 
importantly, there are upward velocity anomalies northward of 20°N in the ASM region for 364 
the projected changes (Fig. 6c). This is consistent with the positive rainfall anomalies over 365 
the northeastern part of the Indian subcontinent in the RCP 4.5 scenario (see Figs. 5a and e) 366 
and is again suggestive of a widening of the local Hadley cell during boreal summer in 367 
warmer climate (Seidel and Randel 2007; Siedel et al. 2008). But, again, there are 368 
considerable inter-model differences in the strength and locations of anomalous vertical 369 
motion, suggesting that future change of regional monsoon Hadley cell, in response to global 370 
warming, is model dependent (Douville et al. 2002; Fan et al. 2012). Interestingly, Fig. 6b 371 
also displays upward velocity anomalies over the equatorial Pacific with two maxima 372 
located, respectively, in the western and eastern sides of the basin. The rainfall projected 373 
changes over the equatarial Pacific (figure not shown) confirms that the primary maxima is 374 
associated with stronger ascending motion and positive rainfall anomalies (around 1 mm/day 375 
between 150°E-150°W, figure not shown for brevity) over the Pacific warm pool, while the 376 
secondary maxima is indicative of a weaker subsidence in the eastern side of the Pacific 377 
basin consistent with a slowdown of the Pacific Walker circulation (Fig. 6a). 378 
In brief, the aforementioned indicators unequivocally suggest that global warming 379 
weakens the large-scale monsoon circulation and induce a widening of the regional Hadley 380 
cell in the eastern part of the ASM domain. In the next sections, we examine the mechanisms 381 
responsible for the weakened monsoon circulation and rainfall enhancement in future 382 
climate.  383 
4. Processes causing slowdown of the ASM circulation  384 
Having noted the thermo-dynamical linkage between MGT and the large-scale ASM 385 
circulation (see section 1.1), we will explore it further by assessing the nature of this 386 
relationship in future climate. Our definition of MGT follows from Xavier et al. (2007), but 387 
with some slight differences in the domain definitions, taking into consideration the spatial 388 
patterns of the seasonal variability of upper tropospheric temperature (figure not shown). We 389 
denote TT for the tropospheric temperature averaged between 200 hPa and 600 hPa levels. 390 
The MGT is subsequently defined based on the reversal of TT between a northern box (50°-391 
100°E, 30°-45°N) and a southern box (50°-100°E, 15°S-10°N). These two regions are chosen 392 
such that their TT difference (which is MGT) exemplifies the large-scale heating gradient 393 
driving the ASM circulation. Ueda et al. (2006) also used similar definitions, but considering 394 
the inter-hemispheric upper tropospheric thermal contrast (between the Tibetan Plateau, 35°-395 
45°N, 60°-100°E and the tropical Indian Ocean, 10°S-10°N, 60°-100°N), for analyzing the 396 
future change in ASM.  397 
We then carried out the TT diagnostics in CMIP5 good models by examining its 398 
structure over the ASM region, to ascertain its importance as a driving force of ASM in 399 
future climate (Fig. 7). The present day TT distribution in the ENS average illustrates the role 400 
of latent heat release, associated with the ASM rainfall, as a major contributor to the TT 401 
spatial pattern in the Indo-Pacific region (Fig. 7a) in agreement with previous studies (Xavier 402 
et al. 2007). Figure 7b shows the projected change of the TT during boreal summer. The 403 
increase in tropospheric heating over the tropical belt is rather uniform as expected (Wu et 404 
al., 2001), however the increase of TT over Eurasian continent is reduced and leads to a 405 
weaker MGT across ASM domain. 406 
Observations and model studies also indicated that the global warming signal in the 407 
upper troposphere is generally stronger than in the lower troposphere, with maxima in the 408 
tropical upper troposphere (e.g., Santer et al. 2008; Xu and Emanuel 1998; Lu et al. 2008; 409 
Bayr and Dommenget 2013).  410 
To further demonstrate this feature, the vertical structure of the future change in 411 
temperature is examined over the two boxes used to define the MGT (one box along 50°-412 
100°E, 30°-45°N, see Fig. 7c and another along 50°-100°E, 15°S-10°N, see Fig. 7d). It is 413 
evident that, at upper levels, the future tropospheric warming over the tropical Indian Ocean 414 
exceeds that over the entire Eurasian continent for most selected CMIP5 models. This 415 
reduction in MGT at upper levels is conceivable in the ENS15 average as well. Therefore, the 416 
pronounced decrease in MGT in the upper troposphere may in turn weaken the ASM 417 
circulation (Dai et al. 2013). Recently, Bayr and Dommenget (2013) also presented similar 418 
arguments while addressing the causes of the weakening of large-scale tropical circulation 419 
during climate change. They argued that large-scale response of the tropical circulation (their 420 
variable of interest is SLP) is related to the tropospheric (i.e. entire troposphere) land-sea 421 
warming contrast, which according to them is evident in all CMIP3 models. Their results 422 
coincide with our conclusions using MGT in CMIP5 models. Our present results are also 423 
consistent with an earlier study by Ueda et al. (2006) who noted a decrease in inter-424 
hemispheric thermal contrast at upper-levels, while analyzing the future change in ASM 425 
circulation using CMIP3 models. Recently, Ogata et al. (2014) also consistently found 426 
decreased MGT in CMIP5 models.  427 
Earlier, we have observed reduced upward motion and decreased rainfall over the 428 
equatorial Indian Ocean and enhanced rainfall over the northern part of the ASM domain (see 429 
Figs. 5a,b and 6b,c). So the decreased MGT at upper levels (e.g. 200 hPa) is probably not 430 
directly related to the local pattern (e.g. Indian region) of deep convective heating. On the 431 
other hand, the MGT at upper levels in the Indian areas is highly sensitive to the extent of 432 
tropical Pacific SST warming as the tropical TT anomalies are largely controlled by the 433 
Pacific SST evolution (Sobel et al. 2002; Prodhomme et al. 2014b). The El-Niño like SST 434 
evolution and the associated increase of vertical motion and rainfall over the Pacific warm 435 
pool in the RCP 4.5 scenario imply a tropospheric heating in this region (Figs. 4a and 6b). 436 
We further hypothesized that the TT increase in this region is instrumental in explaining the 437 
reduced MGT in the Indian areas at upper levels, as atmospheric wave dynamics tend to 438 
spread the Pacific TT anomalies to other tropical regions (Wu et al. 2001; Su and Neelin 439 
2002). 440 
However, a closer inspection of the vertical temperature profiles in Figs. 7c and d 441 
points to a concomitant significant reversed evolution of the MGT in the lower troposphere 442 
(e.g. below 600 hPa). This suggests a strengthening of the monsoon circulation at lower 443 
levels, which agrees well with the widening of the regional Hadley cell in Fig. 6c, with 444 
downward (upward) motion over the southeast Indian Ocean (the northern part of the Indian 445 
subcontinent).  These apparent opposite MGT changes at upper and lower levels suggest that 446 
the ASM circulation reverses between the lower and upper troposphere as well, as discussed 447 
recently by Ma and Yu (2014). These competing effects further complicate the assessment  of 448 
the ASM evolution in a global warming scenario and may also explain the contradictions 449 
found in the literature on this topic. 450 
Theoretical considerations based on thermodynamic arguments postulated that the 451 
weakening of the tropical mean circulations is induced by increased atmospheric static 452 
stability (Knutson and Manabe 1995; Held and Soden 2006; Vecchi et al. 2006; Vecchi and 453 
Soden 2007; Krishnan et al. 2013). Stated in detail, the increase in tropospheric moisture is a 454 
robust change under global warming as relative humidity remains relatively unchanged (Held 455 
and Soden 2006). The resultant increase in moisture transport causes the rainfall to increase. 456 
However, the increasing moisture holding capacity of air in a warmer world is not followed 457 
by an equivalent intensification of the hydrological cycle (Held and Soden 2006). Thus, 458 
tropical circulation may weaken if the rate of rainfall increase is much slower than the rate of 459 
increase in moisture content in response to rising surface temperature, as controlled by the 460 
Clausius-Clapeyron relationship (Cherchi et al. 2010).  461 
To further understand these thermodynamic arguments in the ASM context, we refer 462 
to Tables 2a and b, where values of some relevant time mean variables averaged over the 463 
north ASM region (50°-110°E, Eq-30°N) are presented for the selected models. For better 464 
clarity, we further displayed the vertical profile of area averaged potential temperature 465 
changes over the same domain for the selected models (Fig. 8a). The percentage increase of 466 
rainfall (see Pave in Table 2b) and evaporation (see Evap in Table 2b) for the ensemble mean 467 
in the future climate relative to present-day climate is less than 9%, whereas the 468 
corresponding change in vertically integrated total column water vapour content is higher by 469 
about 17% (see CWC in Table 2b), which implies a weakening of the ASM circulation 470 
following Held and Soden (2006). At the same time, it is interesting to note that the 471 
atmospheric stability (defined as the potential temperature difference between 200 hPa and 472 
1000 hPa over the monsoon domain, see Table 2b) shows a relative increase of about 10% in 473 
the ensemble mean, which is quite consistent with the weakening of the monsoon circulation 474 
described in the previous section. The vertical profile of potential temperature further 475 
substantiates this increase in atmospheric stability across all the models, with the larger 476 
increase occurring in the upper troposphere (Fig. 8a). In the same figure, we have also 477 
included the analysis over a broader ASM domain (30°-120°E and 30°S-30°N, see dotted 478 
lines in Fig. 8b), which also depicts a similar signature. Our results are consistent with Fan et 479 
al. (2012). Using selected CMIP3 models, they came with an argument that the increased 480 
latent heating in the mid-troposphere associated with enhanced future precipitation, may 481 
induce an increase in the lower to middle level dry static stability and thus inhibits the 482 
monsoon circulation. Thus, the dry static stability over ASM region under global warming 483 
increases as the temperature and moisture increase, eventually weakening the large-scale 484 
monsoon circulation.  485 
Large-scale changes in precipitation require compensating changes in radiative 486 
heating of the surface and troposphere (Vecchi and Soden 2007). In other words, the sensible 487 
and latent heat energy exchanges between the surface and atmosphere should be balanced by 488 
the radiative cooling of the atmosphere. So efforts to understand mean atmospheric response 489 
to a warmer climate is not complete without addressing its coupling with the radiative energy 490 
balance. We analysed here the net radiative energy flux into the atmospheric column for all 491 
good models. Note that the net radiative flux is defined here as the difference between surface 492 
and top of the atmosphere, following the formulation of Su and Neelin (2002). The ensemble 493 
mean showed an increased atmospheric radiative cooling of about 4 % in the future climate 494 
relative to present-day climate, with  individual model values ranging between 2 to 9 %  495 
(tabulated values for each model are not shown for brevity). It is noted that the radiative 496 
cooling of the atmosphere is compensated by a proportionate increase in rainfall or 497 
condensational heating. But an important point is that for all the models, the atmospheric 498 
radiative cooling never increases as rapidly as the tropospheric moisture (on similar lines 499 
with rainfall). CMIP3 model studies also indicate that radiative cooling increases more 500 
slowly than the atmospheric moisture in response to warming (e.g., Vecchi and Soden 2007). 501 
As the net radiative flux increased at a slower rate than moisture, again the thermodynamic 502 
energy arguments outlined above would consistently imply a weakened monsoon circulation.  503 
5. Possible mechanism for enhanced ASM rainfall 504 
In order to account for the enhancement of ASM precipitation in the future climate 505 
despite weaker monsoon circulation, water vapour budgets are analyzed using the following 506 
decomposition, i.e., future ASM rainfall change (  ) is decomposed into                           507 
       (    ̅   ̅    )    (1) 508 
where P denotes the precipitation, q is surface specific humidity,   is the Lagrangian 509 
pressure tendency at 500 hPa (a measure of atmospheric vertical velocity), and the overbar 510 
and   denote the present-day climatology and change in future climate, respectively. Our 511 
budget estimation also uses the convention that the upward vertical pressure velocity is 512 
positive. The underlying assumption for equation (1) is that precipitation is produced by air 513 
that is being pumped from the boundary layer (through means of ascending motion) into the 514 
free troposphere where most of the vapour condenses to form precipitation (Held and Soden 515 
2006). The two terms on the right hand of the equation (1) represent the dynamic and 516 
thermodynamic components, respectively. A similar method of decomposition can be found 517 
in Huang et al. (2013). This analysis provides a useful insight into the relative importance of 518 
each component and its contribution to the future rainfall change over ASM domain.  519 
 Figure 9 shows the decomposition results from equation (1) for the ENS average 520 
comprising the good models. Similar results are found with the ENS15 average highlighting 521 
the robustness of the results (Figure not shown). Equation (1) well reproduces the broad 522 
features of future rainfall changes, especially over the north ASM region encompassing 523 
Indian landmass, as demonstrated by the comparison of Figures 9a and d. For providing 524 
further confidence to our results, Figure 10 displays the vertical profile of corresponding 525 
changes in vertical velocity and specific humidity, over the northern (with increased rainfall) 526 
and southern (with decreased rainfall) parts of the region of interest (see Fig. 9a). It shows 527 
that our results are robust throughout the troposphere until 300 hPa (for most selected 528 
models) and, hence our subsequent inferences remain identical even after performing the 529 
vertical integration of equation (1). It is clear from Figure 9b that the dynamic component 530 
shows large spatial variations (with changes of sign) and hence differs from the rainfall 531 
change pattern shown in Figure 9a as far as the Indian subcontinent is concerned. This 532 
implies that, in the selected CMIP5 models, low level wind convergence (dynamic factor) 533 
contributes less to the future uniform rainfall increase over the north ASM region, especially 534 
over the Indian subcontinent. Interestingly, when thermodynamic factor is considered (Fig. 535 
9c) it portrays an increased moisture flux convergence over the ASM region in agreement 536 
with the rainfall distribution over the Indian subcontinent (Fig. 9a). Thus, the thermodynamic 537 
component mostly explains the ascending motion over the climatological convergence zone 538 
of ASM region, thus resulting in increased moisture flux and convergence near the surface. 539 
For further demonstration, we calculated the area average (over northern ASM region) of 540 
budget components from equation (1) using the ensemble mean (using good models). While 541 
thermodynamic component shows a positive contribution (6.1×10
-5
 Pa s
-1 
units) to rainfall 542 
changes (0.5 mm day
-1
), its dynamic counterpart (-2.5×10
-5
 Pa s
-1 
units) shows a drying 543 
effect. Since all the selected models show (Figure 10c) positive moisture anomalies 544 
throughout the lower troposphere, the vertical integration of equation (1) will consistently 545 
imply the dominance of thermodynamic component in future rainfall changes over northern 546 
ASM region (70°-100°E and Equator-20°N). In most of the models, the dynamic component 547 
tends to show a drying effect, but not strong enough to counterbalance the thermodynamic 548 
changes (see Fig. 10a, with exceptions only in GFDL-ESM-2G). The opposite contribution of 549 
these two components may probably explain the differential response in precipitation and 550 
tropospheric moisture over north ASM region, as noted in section 4. The final implication 551 
from our budget analysis is that the future abundance of Indian monsoon rainfall as seen in 552 
CMIP5 projections is dominated by thermodynamic component rather than its dynamic 553 
counterpart. Previous global warming experiments using individual CGCMs also suggest that 554 
enhanced thermodynamical changes act to favour the future abundance of Indian monsoon 555 
rainfall (e.g., Kitoh et al. 1997; Meehl and Arblaster 2003; Ashrit et al. 2005; Dairaku and 556 
Emori 2006). The present study by invoking the water vapour budget argument has provided 557 
a more elaborated, but consistent, view of this important result. 558 
6. Discussion and summary 559 
6.1 Discussion 560 
Recently, some studies (e.g., Chou et al. 2009; Chou and Chen 2014) discussed the 561 
global warming mechanisms of tropical precipitation changes in CMIP3 models, by dividing 562 
the entire tropics into climatological ascending and descending regions. The ascending 563 
regions are further divided based on future rainfall changes, i.e. the zones containing negative 564 
(area I) and positive (area II) rainfall anomalies. For the areas with positive rainfall 565 
anomalies, they further classified them into enhanced (area IIa) and reduced (area IIb) 566 
ascending motions. Refer to Chou et al. (2009) for more details. As per their classification, 567 
the area I occurs in the margins of convective zones. The area IIb contains a small portion of 568 
the northern Indian landmass, in addition to other analogous regions along the tropics (see 569 
Fig. 2a in Chou et al. 2009). However, they did not precisely concentrate on the rainfall 570 
change over a specific region, for example, the region surrounding the Indian landmass. A 571 
question arises now: how do our present results fit in their discussion on thermodynamic and 572 
dynamic contributions to future rainfall changes? Firstly over area IIb, as per their result, the 573 
rainfall change is mainly associated with the moisture convergence induced by 574 
thermodynamic component. In this region, their results show reduced upward motion at low 575 
and mid troposphere, while it is enhanced in the upper troposphere. They interpreted these 576 
changes as an uplift of tropical convection, which enhances the dry static stability of the 577 
atmosphere. This increase in stability overcompensates the increase in low-level moisture and 578 
thus tends to reduce the ascending motion. Figure 10a fully supports their interpretation, but 579 
for a specific domain over the northern part of ASM. According to them, this imparted 580 
negative contribution to the dynamic component, but not sufficient to overcome the 581 
thermodynamic contribution and so the overall rainfall is still increased. This coincides with 582 
our current findings over the major convection center in north ASM region (see Figure 9).  583 
Secondly over area I (convective margins, coinciding with our south ASM domain of 584 
decreased rainfall), where they found most of the decrease in future rainfall, the rainfall 585 
change is associated with a pronounced weakening of the ascending motion (Fig. 10b). Their 586 
argument is that since thermodynamic component is always positive over climatological 587 
ascending regions, the contribution of dynamic component to total rainfall changes must be 588 
strongly negative in order to have negative rainfall anomalies. A closer inspection of Figures 589 
9a-b shows a more conclusive evidence of this: negative anomalies in dynamic component, 590 
confined over the oceanic convergence zone in south ASM region, which coincides with 591 
reduced rainfall. This negative contribution due to dynamic component is further manifested 592 
in Figure 10b, with nearly all the models consistently showing descending anomalies 593 
throughout the troposphere. Chou et al. (2009) argued that this reduced ascending motion and 594 
suppressed precipitation are associated mainly with dry advection from subsidence regions 595 
(refer to area III in Chou et al. 2009) into convective margins, which they described as 596 
“upped-ante” mechanism (e.g., Neelin et al. 2003; Chou and Chen 2014).  597 
Earlier we noted (e.g. section 5) that the differential response in precipitation and 598 
tropospheric moisture, in response to global warming, may be due to the opposite 599 
contribution of thermodynamic and dynamic components. It point towards an interesting 600 
observation that the precipitation conversion from water vapour is not effective over north 601 
ASM region, which in turn implies the weakening of precipitation conversion efficiency in 602 
CMIP5 model projections (Lee and Wang 2012).  603 
6.2 Summary 604 
 This study investigates the response of ASM system to global warming using two 605 
realizations (historical and RCP 4.5) from 19 CGCM simulations archived in CMIP5. The 606 
historical run is based on evolving solar forcing and anthropogenic influences from 1850 to 607 
2005, and the climate change experiment (RCP 4.5) assumes stabilization of radiative forcing 608 
to 4.5Wm
-2
 after 2100. 609 
Taking into account of considerable uncertainty in the monsoon future change as 610 
projected by the state-of-the-art CGCMs, seven models were identified for detailed analysis 611 
on the basis of fidelity in simulating JJAS rainfall climatology and variability over ASM 612 
region. The other CGCMs were also used to test the robustness of the results (the ENS15 613 
average). It is demonstrated that the response to greenhouse warming causes enhanced ASM 614 
precipitation by about 9% in the 21
st
 century (see Figs. 5a and e), while the large-scale ASM 615 
flow weakens (see Figs. 5b, c, d and f); thus illustrating again the so called “wind-616 
precipitation paradox” in the CMIP5 climate change experiments. Our results further revealed 617 
that the future deep tropospheric heating over the Eurasian continent is less pronounced as 618 
compared to that of tropical Indian Ocean, thus giving rise to a decrease in MGT at upper 619 
levels over the ASM region (see Fig. 7). The accentuated tropospheric warming with 620 
resultant increase (decrease) in atmospheric stability (MGT), contributes to weaken the large-621 
scale ASM circulation in spite of the enhanced land-sea thermal contrast at the surface. An 622 
analysis of approximate water vapour budgets (see Fig. 9) showed that the increase of 623 
moisture convergence due to enhanced column integrated water vapour in the atmosphere 624 
(thermodynamic processes) appears to be one of the main mechanisms responsible for the 625 
intensified rainfall, implying the smaller role from low-level wind convergence (dynamic 626 
processes). Our interpretation is that the thermodynamic component (moisture increase due to 627 
global warming) dominates its dynamic counterpart (weakened monsoon circulation), thus 628 
accounting for the future enhancement of ASM rainfall in the CMIP5 models. 629 
 It should be worth mentioning here that although all the selected good models 630 
invariably suggest a likely increase of static stability over ASM region in the future due to 631 
vertically differential warming, the physical mechanisms controlling upper tropospheric 632 
warming has only been suggested here and is not studied in detail. The warming may be 633 
partially due to the increased rainfall and condensational heating over the Pacific warm pool 634 
in the future climate (Wu et al. 2001). Some of the earlier studies also attributed similar 635 
reasons for this maximum warming in upper troposphere. Lindzen (1990) illustrated that the 636 
global warming leads to the rising of the cloud top, and leads to the elevation of the altitude 637 
at which there is maximum cumulus heating. On similar lines, Kitoh et al. (1997), Douville et 638 
al. (2000) and Fan et al. (2012) suggested increased mid-tropospheric latent heating, in 639 
response to the rainfall intensification in future.  640 
It is important to note here that the future changes in other climate phenomena, such 641 
as ENSO or Indian Ocean Dipole Mode (IOD), can also modulate ASM. The present study 642 
has not addressed the roles of such changes in climate phenomena. Jourdain et al. (2013) 643 
have recently evaluated some of these aspects using CMIP5 models. According to them, a set 644 
of selected CMIP5 models (those models showing limited biases with regard to monsoon-645 
ENSO relationship) produce significantly more summer rainfall in India and South Asian 646 
region during the twenty-first century compared to the historical period. Their results show a 647 
rainfall increase of 5 to 20% across the models, which is consistent with our results. 648 
The selected CMIP5 models used in this study have horizontal resolution varying 649 
from 1.25° to 3.75°. Such a coarse resolution may not be sufficient to simulate realistically all 650 
the important processes regulating the ASM system, particularly those associated with the 651 
orography, the western Ghats or the precipitation extremes (Sabin et al. 2013). Recently, 652 
Ashfaq et al. (2009) and Krishnan et al. (2013) showed the weakening of large-scale ASM 653 
overturning circulation using (regional or global) warming simulations from ultra-high 654 
resolution models (with 20 km horizontal resolution) consistent with our results. However, 655 
these ultra-high models also simulate decreasing summer precipitation in key areas of south 656 
Asia, especially over the western Ghats, under global warming scenarios; results which are 657 
not consistent with the coarse CMIP5 projections analysed here. The specific reasons for 658 
these discrepancies are not clear and need to be investigated, especially in light of 659 
thermodynamic and dynamic components. Nevertheless, these results are based on time slice 660 
experiments using prescribed SST and as per many studies (e.g., Douville 2005; Copsey et al. 661 
2006; Krishnan et al. 2010, 2013), this type of sensitive experiments has inherent limitations 662 
in simulating the coupled climate processes over ASM region, compared to transient coupled 663 
model runs. Hence, these results may be subjected to uncertainties in specifying future SST 664 
distributions and its subsequent feedbacks involving convection, particularly over the tropical 665 
Indo-Pacific domain, in spite of the improved simulation in other aspects of the ASM system. 666 
In other words, the question of the ASM changes under global warming is far from being 667 
settled. Continued effort in model development and deeper exploration of the impact of ultra-668 
high resolution on the ASM changes in climate projections, probably hold the key for solving 669 
these incertitudes about the ASM rainfall changes under global warming. 670 
Nevertheless, the insights gained from the present study are beneficial for the on-671 
going Coordinated Regional Downscaling Experiment (CORDEX, http://wcrp-672 
cordex.ipsl.jussieu.fr/) which is an international coordinated framework to produce an 673 
improved generation of regional climate change projections world-wide (based on CMIP5 674 
simulations) for input into impact and adaptation studies. Precipitation downscaling, by 675 
improving the coarse resolution and poor representation of precipitation in global climate 676 
models, supports user communities to evaluate the possible hydrological impacts of climate 677 
change (Maraun et al. 2010) and, hence, plays an important role for impact-adaptation 678 
studies, but is subject to inherent uncertainty. As thermodynamic mechanism (noted earlier in 679 
section 5) dominates the future rainfall changes, the well-observed precipitation climatology 680 
can be used to constrain future rainfall projection (Huang et al. 2013) and thus partially limits 681 
the uncertainty. As one last note to this discussion on regional projection, the current study 682 
also suggests that downscaling of the local precipitation changes needs to be performed with 683 
only climate models that simulate precipitation variability reasonably well. This strategy, to 684 
some extent, may also reduce the burden and uncertainty on the estimation of regional or 685 
local precipitation changes in future changes (Joseph and Nigam 2006; Seo and Ok 2013). 686 
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Figure Captions 912 
Figure 1. Taylor diagram analysis using JJAS mean rainfall (mm day
-1
) over ASM region 913 
(30°E-120°E and 30°S-30°N) during the present-day period of 1980-1999 for 19 CMIP5 914 
coupled models. In (a) climatological mean and (b) interannual standard deviation. 915 
Figure 2. Mean patterns in rainfall (mm day
-1
) and 850 hPa wind (m s
-1
) for JJAS period. In 916 
(a) ensemble mean (ENS average for 7 good models) and (b) GPCP rainfall. In (d) ensemble 917 
mean wind and (e) same as (d), but for NCEP reanalysis. (c) and (f), show the ensemble mean 918 
model bias relative to GPCP and NCEP, respectively. Shadings in (d), (e) and (f) represent 919 
the zonal wind flow. In (g), seasonal cycle of rainfall (mm day
-1
) over Indian monsoon region 920 
(10°N-25°N, 60°E-100°E) for 7 good models (see text for more details) and observation.  921 
Figure 3: Ensemble mean (ENS) patterns in (a) surface temperature (°C) and (c) sea level 922 
pressure (hPa), for JJAS period. (b) and (d) show, respectively, the model temperature and 923 
SLP biases relative to NCEP reanalysis. 924 
Figure 4: Future change patterns in ensemble mean for 7 good models (ENS). In (a) surface 925 
temperature (°C) and (b) sea level pressure (hPa), for JJAS period. Please see the text (see 926 
section 2.2) for more details. Shadings represent the significant changes at the 90% 927 
confidence level. (c) is same as (b) but for ensemble mean made using 15 models (ENS15) 928 
listed in Table 1. See text more details. 929 
Figure 5: Future change patterns in ensemble mean (ENS). In (a) precipitation (mm day
-1
), 930 
(b) wind at 850 hPa (m s
-1
) and (c) wind at 200 hPa (m s
-1
), for JJAS period. Shadings in 931 
panel (a) represent the significant rainfall changes at 90% confidence level and zero contours 932 
are highlighted in black colour. Shadings in (b) and (c) are the significant zonal wind at 90% 933 
confidence level. In (d), future change in zonal vertical wind shear averaged along a 934 
latitudinal band of Equator-10°N, as observed across the good models. Shear is defined as 935 
difference in zonal wind at 850 hPa and 200 hPa levels. In (e) and (f), same as that of (a) and 936 
(b), respectively, but for ENS15. ENS15 refers to model ensemble mean using 15 models 937 
listed in Table 1. See text for more details.    938 
Figure 6: (a) Future change in zonal vertical wind shear averaged along a latitudinal band of 939 
Equator-20°N, as observed across the good models. Shear is defined as difference in zonal 940 
wind at 850 hPa and 200 hPa levels. In (b), same as that of (a), but for vertical velocity       941 
(×-10
2 
Pa s
-1
) at 500 hPa averaged along a latitudinal band of 10°S-10°N in the Indo-Pacific 942 
region. (c) is same as that of (b), but averaged along 60°-100°E. We have also included the 943 
ENS and ENS15 averages in all the panels. See the figure caption of Figure 5 for details on 944 
ENS and ENS15. 945 
Figure 7: (a) Present-day pattern in ensemble mean (ENS) TT. See text for a detailed 946 
definition of TT (upper tropospheric Temperature, °K). In (b), future change patterns (in 947 
contours) in ENS TT. In (b), shadings represent significant TT at 90% confidence level. In 948 
(c), vertical profile of temperature changes (°C) averaged over the domain (50°-100°E, 30°-949 
45°N) is plotted across the models. In (d), same as (c), but over the domain (50°-100°E, 15
0
S-950 
10°N). Vertical axis is in hPa units. We have also included the ENS15 average in panels (c) 951 
and (d). Please see the figure caption of Figure 5 for the details on ENS15. 952 
Figure 8 (a) to (b): Vertical profile of potential temperature changes (°K), averaged over two 953 
domains, is plotted across good models. In (a), the domains are bounded by 50°-110°E, Eq-954 
30°N, while (b) is bounded by 30°-120°E, 30°S-30°N. Vertical axis is in hPa units. 955 
Figure 9 a-d: Decomposition of future rainfall change in the ENS average as determined from 956 
the water vapour budget equation (1), see text for more details. (a) rainfall (in mm day
-1
) 957 
change, (b) dynamic component (    ̅) and (c) thermodynamic component ( ̅    ). (d) is 958 
(b) + (c). Unit for (b), (c) and (d) is in 10
-5
 Pa s
-1
. In all the panels, zero contours are 959 
highlighted in black colour. Note here that equation (1) implicitly assumes that the upward 960 
velocity is positive. 961 
Figure 10: Vertical profile of vertical pressure velocity changes (×-10
2 
Pa s
-1
), averaged over 962 
the region in (a) over 70°E-100°E, Equator-20°N and in (b) over 70°E-100°E, 10
0
S-Equator.  963 
(c) and (d), same as that of (a) and (b), but for specific humidity (×10
3
 Kg Kg
-1
)
 
. Vertical 964 
axis is in hPa units. 965 
 966 
 967 
 968 
Fig1: Taylor diagram analysis for rainfall  (a) mean (b) SD
Fig2: Mean and bias in rainfall and 850 hPa wind 
Fig3: Mean and bias patterns in surface temp and SLP
Fig4: Future change patterns in ENS mean temperature and SLP
Fig5: Future change patterns in ENS rainfall and wind
Fig6: Future change in vertical wind shear and vertical velocity
Fig7: Present-day and future change pattern in ENS TT.
Fig8: Vertical profile of potential temperature changes
Fig9: Decomposition of future rainfall change from moisture equ.
Fig10: Vertical profile of vertical velocity and spec. humidity
Table 1: Description of CMIP5 models used in our analysis. The models indicated in bold 
face are the selected good models derived using Taylor diagrams (see section 2.2.1). 
 
 
  
No. Couple model 
name 
Institution Resolution 
(Lon×Lat Le-
vels) 
1 BCC-CSM1.1 Beijing Climate Center, China Meteorological 
Administration 
128×64 L26 
2 CCSM4 National Center for Atmospheric Research 288×192 L26 
3 CNRM-CM5 Centre National de Recherches Meteorologiques / 
Centre Europeen de Recherche et Formation 
Avancees en Calcul Scientifique  
256×128 L31 
4 CSIRO-Mk3.6.0 Commonwealth Scientific and Industrial Research 
Organisation in collaboration with the Queensland 
Climate Change Centre of Excellence 
192×96 L18 
5 GFDL-CM3 Geophysical Fluid Dynamics Laboratory  144×90 L48 
6 GFDL-ESM-2G Geophysical Fluid Dynamics Laboratory 144×90 L24 
7 GFDL-ESM-2M Geophysical Fluid Dynamics Laboratory 144×90 L24 
8 GISS-E2-H  NASA Goddard Institute for Space Studies 144×90 L40 
9 GISS-E2-R NASA Goddard Institute for Space Studies 144×90 L40 
10 HadGEM2-CC Met Office Hadley Centre 192×145 L40 
11 HadGEM2-ES Met Office Hadley Centre 192×145 L40 
12 INM-CM4 Institute for Numerical Mathematics 180×120 L21 
13 IPSL-CM5A-LR Institut Pierre-Simon Laplace 96×96 L39 
14 IPSL-CM5A-MR Institut Pierre-Simon Laplace 144×143 L39 
15 MIROC5 Atmosphere and Ocean Research Institute (The 
University of Tokyo), National Institute for 
Environmental Studies, and Japan Agency for Marine-
Earth Science and Technology 
256×128 L40 
16 MIROC-ESM Japan Agency for Marine-Earth Science and Technology, 
Atmosphere and Ocean Research Institute (The 
University of Tokyo), and National Institute for 
Environmental Studies 
128×64 L80 
17 MIROC-ESM-
CHEM 
Japan Agency for Marine-Earth Science and Technology, 
Atmosphere and Ocean Research Institute (The 
University of Tokyo), and National Institute for 
Environmental Studies 
128×64 L80 
18 MRI-CGCM3 Meteorological Research Institute 320×160 L48 
19 NorESM1-M Norwegian Climate Centre 144×96 L26 
Table
Table 2: Variables related to future change in ASM. (a) Present-day climate from historical 
simulations and (b) Future change. Here surface temperature (Surf. Tmp.), rain rate (Pave), Evap 
(evaporation rate) and CWC (total column integrated water vapor content) are averaged over the north 
ASM region (50
°
-110
°
E, Eq-30
°
N).  Zonal wind index (U) at 850 hPa is defined over 60
°
-100
°
E, Eq-
10
°
N. Monsoon Hadley Cell (MHC) strength is defined as V850-V200 (850-hPa V wind over 40
°
-55
°
E, 
10
°
S-10
°
N and 200-hPa V wind over 45
°
-75
°
E, 20
°
S-Eq). V represents the meridional wind.
 
Note that 
here the future change (defined as the difference between the 2080-2099 period in RCP 4.5 and the 
1980-1999 historical period) is expressed in percentage, relative to the mean during the period 1980 to 
1999 of the historical simulation. 
 
(a) Present-day climate from historical simulation 
 
 
(b) Future change (expressed in %) 
 
 
Models 
 
Surf. Tmp. 
(
0
C) 
  
Pave 
(mm day
-1
) 
 
Evap.  
(mm day
-1
) 
 
CWC 
(kg m
-2
) 
 
 
Atmo. 
Stab. 
(
0
K) 
 
U  
(m s
-1
) 
 
MHC 
(m s
-1
) 
CCSM4 27.9 6.3 3.8 47.7 49 6.87 16.5 
CNRM-CM5 27.3 5.5 3.68 41.1 41.2 6.68 15.2 
GFDL- CM3 27.4 5.8 3.99 43.4 46.4 6.8 14.8 
GFDL-ESM2G 27 5.8 3.7 41.9 45.3 8.6 13.6 
GISS-E2-R 28.8 5.1 4.0 39.17 47.4 6 12.8 
IPSL LR 27.7 4.46 3.4 40.3 46.3 8.4 11.7 
NorESM1 27.2 5.84 3.5 43.84 49 7.6 16.7 
Ensemble mean 27.6 5.54 3.7 42.5 46.37 7.3 14.5 
 
Models 
 
Surf. Tmp. 
(
0
C) 
  
Pave 
(mm day
-1
) 
 
Evap.  
(mm day
-1
) 
 
CWC 
(kg m
-2
) 
 
 
Atmo. 
Stab. 
(
0
K) 
 
U  
(m s
-1
) 
 
MHC 
(m s
-1
) 
CCSM4 5.0 9.5 5.4 12.4 8.4 -14.55 -3.0 
CNRM-CM5 6.2 5.45 6.52 14.6 11.9 -4.5 -0.66 
GFDL- CM3 10.2 10.3 8.4 26.3 10.34 -5.9 -5.5 
GFDL-ESM2G 5.9 7.24 5.41 13.1 9.3 -6.98 -3.0 
GISS-E2-R 4.86 8.0 5.0 11.67 8.7 -10 4.6 
IPSL LR 9 10.76 8.83 21.9 10.2 -11.9 -0.9 
NorESM1 4.8 9.93 8.57 13.6 10.6 -14.5 -3.7 
Ensemble mean 6.5 8.4 5.4 16.23 9.89 -9.77 -2.1 
